ABSTRACT High concentrations of particulate matter (PM) and ammonia (NH 3 ) in poultry houses have adverse effects on the health of workers and animals. The present study investigated the distribution of the PM in different size fractions and NH 3 , as well as analyzing the physicochemical properties of fine particulate matter (PM 2.5 ) in an enclosed layer house. The detection was taken from 5:00 to 21:00 in every 2 h for a 7-d continuous monitoring using a DustTrak II model 8532 aerosol monitor for PM concentrations and a JK40-IV portable gas detector for NH 3 concentrations. The concentrations of inhalable particulate matter (PM 10 ), total suspended particles (TSP), and NH 3 were significantly higher in the rear of the chicken house compared to the front (P < 0.05). The PM 10 , TSP, and NH 3 concentrations inside the layer house were significantly higher than outside (P < 0.001). The concentrations of PM 10 and TSP were both highest at the first feeding time at 7:00. The PM 2.5 /PM 10 , PM 2.5 /TSP, and PM 10 /TSP concentration ratios at 5:00 were highest with 0.84, 0.62, and 0.74, respectively. Airflow speed showed a significant correlation with other measured microclimatic variables. Organic carbon was the primary constituent of PM 2.5 collected from the layer house. It was also observed that mass percentage of elements C and O were both the highest by energy spectrum diagrams of PM 2.5 . The ultrastructure of PM 2.5 revealed that there were mineral particles derived from feed, feces, or the ground and that smoke polymers came from ambient air. In conclusion, air quality was better at the front than at the middle and rear of the layer house. Air quality outside was better than that inside the house. Chicken activities primarily caused the PM 10 and TSP concentrations to increase in the chicken house. The main components of PM 2.5 in the layer house were organic matter and minerals, which were mostly derived from feed, feces, and ground dust.
INTRODUCTION
With intensive livestock housing increasing, animal housing has become an important contributor of ambient particulate matter (PM), which may be defined according to particle size as total suspended particles (TSP, PM with aerodynamic diameter ≤ 100 μm), inhalable particulate matter (PM 10 , PM with aerodynamic diameter ≤ 10 μm), or fine particulate matter (PM 2.5 , PM with aerodynamic diameter ≤ 2.5 μm) (Bonifacio et al., 2015) . In Europe, the PM 10 and PM 2.5 from livestock productions accounted for 8% and 4% of atmospheric PM 10 and PM 2.5 , and intensive poultry and swine houses contribute approximately 50% and 30% of total agricultural PM emissions, respectively (Takai et al., 1998; Kaasik and Maasikmets, 2013) .
The composition of PM in livestock houses differs from atmospheric levels because of their different sources. The PM collected from animal houses contains high concentrations of organic compounds, which are mainly generated from feed, feces, feathers, and skin (Mostafa, 2012; Mostafa et al., 2016) . It was noted that elements carbon (C), oxygen (O), and silicon (Si) were the major constituents in skin and feed particles (CambraLópez et al., 2010) . High mass concentrations of multi-atomic ions NH 4 + , SO 4 2− , PO 4 3− , and NO 3 − were detected in suspended particles in broiler houses (Lovanh et al., 2016) . In pig houses, it was discovered that a majority of PM was composed of feed and fecal particles. However, feed particles are more abundant in coarse fractions, whereas fecal particles are found in a greater extent in the breathable fractions, indicating a potential hazard to the alveoli in the lungs (Donham et al., 1986; Heber et al., 1988; Takai et al., 1998) . In addition, there was a relatively high abundance of pathogenic bacteria attached to fine PM in poultry houses (Yang et al., 2017) . Particles in livestock 4137 houses were considered to be adverse to respiratory health of animals and humans, especially PM 2.5, which may penetrate into alveoli through the respiratory tract because of its tiny size (Donham et al., 1986; Radon et al., 2001) . Increasing PM 10 concentration can increase the risk of chronic bronchitis, asthma-like symptoms, cardiovascular disease, pneumonia lesions, and lung cancer among farmers, as well as livestock (Cambra-López et al., 2010; Michiels et al., 2015) . The distribution of air pollutants is not uniform in livestock houses, especially emission of PM 10 was more variable than other pollutants (Ni et al., 2017) , and the closer to the fans of the poultry house, the higher PM emission concentrations (Yao et al., 2018) . It is necessary to explore distribution and the main sources of PM from livestock houses, which will provide a theoretical basis for controlling the generation of PM from livestock production processes.
Another main contributor to air pollution in livestock houses is ammonia (NH 3 ), which is generated from fecal and uric decomposition by microorganisms and can impair the health of respiratory system, eyes, paranasal sinuses, skin, and more (Kearney et al., 2014; Nemer et al., 2015) . The NH 3 in the housing facilities also damaged the performance and welfare of poultry (Fabbri et al., 2007) , as well as feed intake and growth rate (Kristensen and Wathes, 2000) . Decline of average daily gain and feed conversion rates occur when the NH 3 level is above 25 ppm (Beker et al., 2004; Miles et al., 2006) . In addition, plentiful NH 3 may form secondary inorganic particles, such as NH 4 + , under high humidity conditions (Robarge et al., 2002) .
Microclimate variables containing temperature, relative humidity, ventilation rates, and illumination played important roles in affecting PM and NH 3 concentrations and spatial distribution in the livestock houses (Puma et al., 1999) . In particular, ventilation is a dominant factor that impacts not only the formation, concentration, emission, and distribution of PM but also temperature and humidity in the house and the sensible temperature of chickens. The higher ventilation rates are, the higher PM emission rates are, and the lower PM concentrations are, the lower the sensible temperature is (Hinz and Linke, 1998; Redwine et al., 2002) . In broiler houses, concentrations of TSP were remarkably affected by temperature and relative humidity (Vučemilo et al., 2008) .
A great deal of research has been carried out on component analysis, source apportionment, and concentrations of PM from ambient air, but there are few studies examining physicochemical properties and spatial distribution of PM in enclosed livestock houses, especially a lack of ultrastructure analysis of PM 2.5 using electron microscopes. The properties and spatial distribution of PM in enclosed layer houses should be emphasized because of the larger and more intensive layer houses used for egg production. The aim of this study was to investigate the distribution of PM and NH 3 in an enclosed layer house, as well as the correlation between microclimatic variables inside the house, in order to preliminarily analyze sources of PM 2.5 dependent on the chemical component analysis and ultrastructure observation of PM 2.5 collected from the experimental house.
MATERIALS AND METHODS

Layer House Description
This study was conducted at an enclosed layer house located in Sichuan Province. The chicken house is oriented north-south with dimensions of 96 m × 12 m (Figure 1 ). The house is equipped with a mechanical ventilation system using exhaust fans in the 2 sidewalls and in the south-end wall. There are also wet-curtains installed in the east and west sidewalls and the north end for cooling. The 9LDC4288 type laminated automatic egg-raising equipment with nipplers was used to raise chickens. There are 4 pieces of laminated automatic egg-raising equipment consisting of 4 layers with a conveyor belt under each layer to clean manure. There are 5 aisles containing 23 light-emitting diode lights in each aisle in the chicken house. There are 38,000 No.2 Jinfen laying hens purchased from Beijing Huadu Yukou poultry limited company. Layer hens aged 40 to 41 wk were raised in the sampling room during the time of measurement.
Daily Management
Lights were turned on at 6:00 and turned off at 22:00 for 16 h of light in normal operations. Mechanical feeding was carried out at 7:00, 10:00, 12:00, 15:00, and 18:00 every day during experiment period in the layer house. Workers separated sick or dead chickens from chicken flocks and optionally cleaned the chicken house from 7:00 to 9:00. An automatic egg picking system was controlled by workers to transmit eggs to an egg room from 7:00 to 19:00. The multilayer conveyor manure cleaning system operated at 17:00 every 4 d (in this study, it was April 16 and 20) to transmit feces outside. Ventilation was normally adjusted at 9:00 by controlling the number of operating fans depending on the temperature within the layer house.
Instruments and Equipment
The PM 2.5 in the chicken house was collected using a BTPM-HS1 ambient air particle sampler (Dandong Baite Instrument Co., Ltd., Liaoning, China) at a flow rate of 16.7 l min −1 for 23 h per day. Particle samples were captured on prebaked quartz filters (47 mm diameter, Whatman Inc., Clifton, NJ) which were kept at -20
• C after sampling until composition analysis of particles or ultrastructure observation. The ICS-90 type ion-chromatographic analyzer (Dionex Inc., Sunnyvale, CA) was used to detect ion components, an ICP-MS 7500 elemental analyzer (Agilent Inc., Santa Clara, CA) was used to measure elements contents and concentrations of element carbon and organic carbon (OC) were detected using DRI 2001a ECOC analyzer (Atmoslytic Inc., Calabasas, California). Ultrastructure observation was conducted using a SU8010 type field scanning electron microscope (SEM, Hitachi, Tokyo, Japan) and the relative content of chemical elements was analyzed using an energy-dispersive X-ray spectroscope (EDS, Bruker, Germany) which was attached to SEM.
The concentrations of different size fractions were measured using a DustTrak II model 8532 aerosol monitor (TSI Inc., St Paul, MN) with detection ranged from 0.001 to 150 mg/m 3 and measurement accuracy of ± 0.001 mg/m 3 . Ammonia concentrations were measured using a JK40-IV portable gas detector (Ji Shun'an Technology Co., Ltd., Guangdong, China) with detection ranged from 0 to 100 ppm and accuracy of ± 3% (F.S). It was an electrochemical sensor with a resolution of ± 0.01 ppm. Temperature and relative humidity were recorded simultaneously with an RC-4HC miniature temperature and humidity recorder (Jingchuang Electric Co., Ltd., Jiangsu, China) whose measurement accuracy was ± 0.5
• C and ± 3% RH, respectively. Airflow speeds were measured with a DEM6 3-cup wind anemometer (Tianjin Meteorological Instrument Factory, Tianjin, China) and illumination was measured with an LX-101 light illumination meter (Luchang Electric Co., Ltd, Taiwan).
Measuring Points
Microclimate variables were measured at 7 points (Figure 1 ) in the aisles for inside and 1 point for outside from 5:00 to 21:00 every 2 h for a 7-d continuous monitoring cycle. Eight temperature and humidity recorders were fixed at the 8 measuring points respectively to record temperature and relative humidity at 2 h intervals during whole day. The lower part and upper part were at the same position in the middle but at different heights of 0.9 and 2.3 m, respectively. The heights of other measuring points and particle sampling points were all 1.6 m. The outside point was set at 6 m distance from the wet curtain in the north end wall.
Data Processing and Statistical Analysis
The data were first treated with Microsoft spreadsheet software and were statistically analyzed using the GraphPad Prism thereafter. Difference analysis was used by ANOVA and statistically significant difference was defined when the P value was less than 0.05 (P < 0.05). Experimental data were expressed by the mean ± standard error of mean. Pearson correlation coefficients were calculated to quantify the degree of linear relationship between variables.
RESULTS
Temperature, Relative Humidity, Airflow speed and Illumination in the Layer House
The data of temperature, relative humidity, airflow speed, and illumination are shown in Table 1 . The highest temperature was found in the rear of the layer house with a mean value of 26.16 ± 0.07
• C, which was significantly higher than other positions in the house (P < 0.01), whereas the temperature at the front was markedly lower than other test points (P < 0.01) with a mean value of 20.44 ± 0.12
• C. In contrast, the value of relative humidity at the front was observably higher than other positions (P < 0.05) with a mean value of 63.17 ± 0.61%. The values of airflow speed and illumination were both the lowest at the front of the chicken house.
Fluctuations of partial microclimatic variables were plotted in Figure 2 . The variation of temperature was relatively stable before 9:00; next, there was an increasing trend as the outside temperature rises, and a gradual decrease was observed after 17:00. The change tendency of relative humidity was counter to that of temperature. The highest airflow speed was 0.731 ± 0.072 m/s at 17:00. Illumination was 2 lx in the dark at 5:00 before lights were turned on, whereas it was mainly unchanged at daytime.
Particulate Matter In the Layer House
Particulate Matter Concentrations in the Layer House Comparison of PM concentrations in different locations is shown in Figure 3 . The concentrations of PM 10 and TSP at the front were 80.92 and 148.54 μg/ m 3 , dramatically lower than the middle and rear of the layer house (P < 0.05, Figure 3A) . However, there were no significant differences among different heights or between east and west ( Figure 3B and C) .
The concentrations of TSP were lowest at 5:00 with 129.54 μg/m 3 and highest at 7:00 with 481.33 μg/m at 9:00 and 11:00. The PM 10 and TSP concentrations have a similar variation in trend, whereas there was little variation of PM 2.5 concentrations during the daytime.
Comparing Particulate Matter Concentration Inside and Outside the Layer House As shown in Figure 5 , mean concentrations of PM 10 and TSP inside the layer house were 124.12 ± 8.99 and 237.41 ± 19.92 μg/m 3 , respectively. Values outside were 62.64 ± 5.10 μg/m 3 for PM 10 and 83.36 ± 7.07 μg/m 3 for TSP, which are both significantly lower than inside the house (P < 0.001).
Particulate Matter Concentration Ratios in the Layer House PM concentration ratios in different locations are shown in Figure 6 . The PM ratios PM 2.5 /PM 10 and PM 2.5 /TSP were significantly higher in the front than the rear of the layer house (P < 0.05, Figure 6A ), which means higher proportions of PM 2.5 in the front than the rear in the layer house. There were no notable differences among other locations ( Figure 6B and C).
The fluctuations of PM concentrations ratios were different from that of PM concentrations during daytime (Figure 7 ): the PM ratios PM 2.5 /PM 10 , PM 2.5 /TSP, and PM 10 /TSP were highest at 5:00 with 0.84, 0.62, and 0.74, respectively, and lowest at 7:00 with 0.42, 0.21, and 0.50, respectively.
Percentage frequency distribution of PM concentrations ratio in the layer house is indicated in Figure 8 . A PM 2.5 /PM 10 ratio of 0.5 or more was observed for 52.28% of all the measurements, whereas a PM 10 /TSP ratio of 0.5 or more was calculated for 63.61% of the measurements. Distribution for PM 2.5 /TSP was left skewed with a ratio of 0.5 or less accounting for 84.91% of the data.
Component Contents of PM 2.5 in the Layer House In Table 2 , it is revealed that total carbon accounted for the highest proportion in measurements, with 14.61% of total PM 2.5 mass, especially OC, which occupied 12.71% of the PM 2.5 mass. Several ions and elements were contained in the PM 2.5 collected from the layer 
2− , and 7.39% for Ca, respectively. Microscopic Morphology of PM 2.5 in the Layer House There were various morphologies of PM 2.5 collected in the layer house as shown in Figure 9 . The morphological diversification may due to different sources of PM 2.5 . It was magnified 2,000 times by electron microscope in Figure 9A , and 10,000 times in Figure 9B , 20,000 times in Figure 9C and D, 40,000 times in Figure 9E and F, respectively. The surface of particle in Figure 9C was smoother than that in other figures, and the chain-typed particle in Figure 9F was different from that in other figures.
Energy Spectrum Diagram of PM 2.5 in the Layer House Morphologies of particles are shown in Figure 10A and B, and corresponding energy spectrum diagrams are shown in Figure 10a and b. The mass percentages of PM chemical compositions in Figure 10a and b were quantified in Tables 3 and 4 separately. Elements C, O, and Si were both observed as the highest mass percentage in 2 tables, and slight levels of Na, Mg, Al, Ca, and Fe were also found in some particles.
Ammonia Concentrations in the Layer House
The NH 3 concentrations at the rear of the layer house were significantly higher than the front and middle, as shown in Figure 11A (P < 0.05), whereas the NH 3 concentrations at the east were notably lower than that in the middle (P < 0.05, Figure 11C ).
It was shown that the NH 3 concentrations were highest at 5:00 with 1.84 mg/m 3 and then declined gradually The NH 3 concentrations at 17:00 on April 16 and 20 were high in the rear of the layer house, when the manure was cleaned (Figure 14) .
Correlations among Measured Variables
Correlations among the Microclimatic Variables Inside the Layer House It was apparent that relative humidity in the layer house was significantly correlated with different sizes of PM (P < 0.01, Table 5 ), whereas airflow speed showed notable negative correlation with PM (P < 0.001). Interestingly, there was a significant correlation between NH 3 concentrations and PM 10 as well as TSP concentrations.
Correlations of the Microclimatic Variables between Inside and Outside the Layer House
Temperature, relative humidity, illumination, and different size PM concentrations inside the layer house were dramatically affected by those outside (P < 0.05, Table 6 ), but there was no distinct correlation between inside and outside airflow speed, as well as NH 3 concentrations (P > 0.05).
DISCUSSION
Temperature, Relative Humidity, Airflow Speed and Illumination in the Layer House
Environments for breeding including temperature, relative humidity, airflow speed, illumination, and more have considerable effects on animal production performance. The breeding environment has more effects on chicken welfare compared with rearing density (Dawkins et al., 2004) . The mean values of temperature, relative humidity, airflow speed, and illumination in this study were from 20.44 to 26.16
• C, 51.98 to 63.17%, 0.09 to 0.61 m/s, and 7.39 to 39.35 lx, respectively, at different locations and 23.08 to 25.99 • C, 48.48 to 59.84%, 0 to 0.73 m/s, and 2 to 20.12 lx, respectively, during daytime from 5:00 to 21:00. Temperature and airflow speed almost conformed to NT/T 388-1999 "Standards of Agricultural Industry of the People's Republic of China", whereas data on relative humidity and illumination were not qualified. However, a study noted that proper ranges of humidity could be changed depending on air temperature and the age of chickens rather than kept at a constant value (Lin et al., 2005) . The mean value of temperature inside a laying hen house during daytime was nearly 26
• C (Liang et al., 2005) , which is higher than that in this study and could be related to location and season. The illumination from completely artificial light was stable after turning on the lights, which is different from chicken houses with windows that allow for natural light.
Wet curtains were set up in the north-end wall and 2 sidewalls for cooling. Cold water vapor carried by fresh air entered into the house from the front and caused the decreased temperature (Simmons et al., 1997) . For this reason, the temperature at the front of the layer house was lowest, whereas the relative humidity was highest at the same site. The results during daytime revealed that the higher the humidity, the lower the temperature, which is consistent with negative correlation between temperature and humidity in the layer house, similar to findings at other animal houses (Kaasik and Maasikmets, 2013; Kumari and Choi, 2014) . Airflow speed at the front was lowest because the area of air inlet, including the wet curtain area, is large at 77.76 m 2 . Illumination differences among positions could be contributed by the sites and heights of lights. Ventilation was increased by operating fans to improve air quality in the house at 9:00, whereas temperature decreased slightly simultaneously. This was consistent with the descriptions of previous studies (Kaasik and Maasikmets, 2013) . Subsequently, temperature in the layer house increased gradually as the outside temperature went up and reached peak at 17:00. The airflow speed had similar trends with temperature, which identified significant correlation between airflow speed and temperature in the layer house. for TSP, which were far lower than the standards in NT/T 388-1999 "Standards of Agricultural Industry of the People's Republic of China" (1999) and the results in other research. The TSP concentrations was 2.0 to 2.5 mg/m 3 when detected in a caged layer hen house (Nimmermark et al., 2009) . Differences among these PM concentrations could be attributed to measurement method, season, and hen age. Gravimetric method was used to calculate the PM concentrations in the above experiment while direct reading measurements of PM concentrations were made in this study. The above experiment was conducted in winter and hen age were 57 to 65 wk old, whereas our present study was carried out in spring and the hen age were 40 to 41 wk old. Results from another study were 125 and 185 μg/m 3 for PM 2.5, 902 and 968 μg/m 3 for PM 10 using 2 measurement methods (Li et al., 2012) , which indicated a significant difference between the 2 measurement methods. There were several studies indicated that PM concentrations in the livestock houses could be affected by various factors including the type of monitor, climate, hen variety, structure of hen house, and so on (Ellen et al., 2000; Costa et al., 2009 ). In addition, the geographic location of the study house may have an impact on PM concentrations. The ambient PM concentrations were notably low because this study was conducted at the foot of a mountain in Sichuan Province.
Particulate Matter in the Layer
The principle of negative pressure ventilation was used in the measured house. Fresh air with low PM concentrations entered the house under pressure and carried PM at the front to the middle and rear of the house. This explained why PM concentrations at the front were markedly lower than those at middle and rear. It was reported similar consequences in another enclosed laying house which was ventilated with a negative pressure fan system (Guarino et al., 1999) . Lights in the enclosed house were turned on at 6:00. Keepers checked if there were abnormal or dead chickens in the chicken flocks at 7:00, and feedings were operated automatically at 7:00, 10:00, 12:00, 15:00, and 18:00.
Airflow speeds were increased gradually from 9:00 and decreased after 17:00. Chickens were quiet in the dark but became active when lights were turned on, which further caused PM concentrations to increase as shown by another paper (Costa et al., 2009 ). In addition, the first feeding and keeper activities both induced more dust generation. Airflow speed also had an impact on PM concentrations, which corresponded to the result that there was a negative correlation between the 2 microclimatic variables. It was also discovered that PM 10 and TSP concentrations inside were significantly higher than outside the layer house, which verified that the layer house was an important PM contributor to the ambient environment.
More frequent occurrence of smaller PM ratios indicates more particles are coarse (Bonifacio et al., 2015) . PM 2.5 /PM 10 and PM 2.5 /TSP ratios were prominently higher at the front than the rear, which was different from the results of PM concentrations. It was demonstrated that PM 10 and TSP accounted for more proportions at rear of the house compared with the front. Concentrations of PM 10 and TSP were highest at 7:00, but PM 2.5 /PM 10 , PM 2.5 /TSP, and PM 10 /TSP ratios were lowest at 7:00 and were highest at 5:00 when lights were turned off. This phenomenon revealed that TSP settled when chickens were quiet, whereas PM 2.5 and PM 10 can stay in the air for a long time because of their lighter weight (Seinfeld et al., 2016) . The TSP would rise again during feeding or chicken activities, accompanied by decreasing PM 2.5 /TSP and PM 10 /TSP ratios. The ranges of PM ratios in this study were higher than those reported by previous studies (Takai et al., 1998; Li et al., 2012) , but were similar to the finding published by Mostafa et al. (2016) , who detected the PM concentrations in a laying hen barn. Overall, more than half of particles in the layer house atmosphere were more PM 2.5 and PM 10 rather than TSP. The percentage frequency of PM 2.5 /PM 10 in an open cowshed within 0 to 0.3 was 45 to 59%, and 77% of PM 10 /TSP were ranged in 0 to 0.4. The PM 2.5 and PM 10 accounted for greater proportions compared with the cowshed (Bonifacio et al., 2015) .
Components of PM 2.5 in the Layer House Organic carbon was the main component of PM 2.5 collected from the monitored house with a high mass concentration of 12.64 μg/m 3 , which was 12.71% of the total PM 2.5 mass concentration. Another study noted that PM from livestock houses was composed up to 90% organic matter (Seedorf and Hartung, 2001 ). There are high proportions of C, O, and quantities of Si, P, and Ca in skin, feather, manure, feed, and litter, which were important contributors for organic matter in livestock or poultry houses (Qi et al., 1992) . Data in the energy spectrum diagram of PM 2.5 agreed with the result that contents of elements C and O of PM 2.5 were highest. In addition, the elements Si and Ca were both important components of PM. A small quantity of Na, Mg, Al, K, and Fe were also detected in some particles, similar to a previous study (Cambra-López et al., 2010) . Furthermore, precursor gases including NH 3 , nitrogen oxides (NO x ), sulfur dioxide (SO 2 ), and volatile organic compounds can form secondary inorganic particles such as NO 3 − , SO 4 2− , and NH 4 + during the process of gasparticle conversion (Cambra-López et al., 2010) . After combining the results of constituent analysis and energy spectrum diagram of PM 2.5 , primary PM 2.5 in the monitored house is presumably derived from feed, manure, feather, skin, and secondary particles formed by chemical reactions.
The morphology of particles can reflect their sources to a certain extent. According to previous studies, fine particles from feed in laying hens aviary were mainly angular, cracked, and fragmented. The manure particles were mainly mixture of single rounded spherical and irregular particles. Particles from outside the livestock or dust from ground were mostly irregular and rough (Cambra-López et al., 2011) . The particles with regular shape may be secondary particle sulfates or nitrates formed from gas-particle reactions (Tumolva et al., 2010) . The extent of particulate pollution could be reflected by the density of particles in Figure 9A and B. It was shown that the PM concentration was higher compared with that in rabbitry through microscope observation (Cambra-López et al., 2010) . The surface of the particle in Figure 9C was smooth, and the shape was regular, which indicated that it might be secondary particle sulfates or nitrates. Figure 9D showed irregular and rounded spherical particles, which might come from manure and rising dust. Particle in Figure 9E was cracked, angular, and irregular, which might come from feed based on the description of fine particles from feed in the published study (Cambra-López et al., 2011) . The chain-like particle in Figure 9F may be a smoke polymer that came from ambient air, based on reported research (Ebert et al., 2002) .
Ammonia in the Layer House
In the monitored layer house, ammonia concentrations ranged from 0.72 to 1.71 mg/m 3 at measured points and 0.39 to 1.84 μg/m 3 during daytime. The data were lower than in other studies (Koerkamp et al., 1999; Nimmermark et al., 2009; Costa et al., 2012) . Differences among these NH 3 concentrations could be explained by management methods, machine type, and variety and age of hens. The NH 3 concentrations were diluted by fresh air at the front where the building had air inlets, and was easier to gather at the outlet. Moreover, manure on conveyors was removed from the rear near the outlet, which is why NH 3 concentrations at the rear were notably higher than those in the middle and the front. Similar NH 3 concentration gradients were reported in 2 large mechanically ventilated layer hen houses equipped with manure belts (Chai et al., 2010) . However, it is not clear why NH 3 concentrations at the east were significantly lower than in the middle. One possible reason was that there was a door on the east wall and that wind slipped in from the east side when the door opened. It was nearly airless at nighttime, causing NH 3 to accumulate, so the peak value of NH 3 concentrations occurred at 5:00; subsequently, NH 3 concentrations were diluted as airflow speed increased. Feces were cleaned twice during this experiment, with both cleanings occurring at 17:00. The NH 3 concentrations increased at 17:00 because NH 3 was released from a greater exposure area of manure when it was removed from the conveyor belts. NH 3 concentrations would then decrease after cleaning away the feces in the layer house. There were significant correlations between NH 3 and PM 10 as well as TSP, which could be explained by the fact that NH 3 can be adsorbed in PM of livestock production operations, can be added up to 24% of total NH 3 in the gas phase, and NH 3 molecules can be carried for a long time by PM (Reynolds et al., 1998; Takai et al., 2002) . Higher NH 3 concentrations inside indicated that high amounts of NH 3 can be released from the layer house.
In conclusion, air quality outside was better than that inside the layer house. Microclimatic variables varied depending on position in the layer house: the closer the inlet was, the better the air quality was. Human and chicken activities caused PM concentrations to increase, while an appropriately reinforced airflow speed could reduce PM and NH 3 concentrations. The OC contents in PM 2.5 collected from the layer house were highest, and the PM 2.5 was mainly derived from chicken skin, feed, manure, and dust rising from the ground. Concentrations of different size PM and NH 3 were mostly affected by airflow speed, and NH 3 and PM concentrations were significantly correlated with each other. Indoor temperature, relative humidity, and PM concentrations were notably influenced by outside variables.
